3-Cyanopiperidin-2,6-diones are key intermediates in the synthesis of several drugs and natural products. We developed onepot synthesis of 3-cyanopiperidin-2,6-diones by Knoevenagel condensation of cyanoacetic acid and aldehydes, followed by addition of cyanoacetic acid, Achmatowicz reaction and decarboxylation. We tested a wide range of aliphatic and aromatic aldehydes. Products were obtained under simple, environmentally friendly conditions and in yields up to 99%. Substrates were stirred in toluene at reflux, and filtered through short pad of silica gel, and the product was purified by recrystallization.
Introduction
Piperidine derivatives are convenient building blocks and scaffolds in medicinal chemistry (Eftekhari-Sis and Zirak 2015; Domling 2006) . Selected examples of important compounds based on 3-cyanopiperidin-2,6-diones are presented in Fig. 1 . This includes: the key intermediate in the synthesis of an antidepressant drug-paroxetine (Buus Lassen et al. 1980; Greenhalgh and Simpkins 2002) , the antibacterial compounds (i.e. C-73X1) (Aszalos et al. 1967) or the thalidomide derivatives which recently proved their anticancer activities (Yamada et al. 2006 ).
3-Cyanopiperidin-2,6-diones were obtained before by the addition of deprotonated ethyl cyanoacetate to the α,βunsaturated amides derived from the cinnamic acid analogues (Portnoy 1966) . The iridium-catalysed formation of similar glutaric imides was also reported (Takaya et al. 2003) . However, this method suffers from the use of environmentally harmful iridium complex as catalyst and harsh reaction conditions. Herein, we decided to check whether it is possible to obtain 3-cyanopiperidin-2,6-dione derivatives in one-pot procedure under environmentally friendly conditions. We have developed a novel, one-pot cascade process, based on the Knoevenagel reaction with cyanoacetic acid and aldehydes. In the second step, the Michael addition of second cyanoacetic acid molecule occurs, followed by the Achmatowicz reaction and subsequent decarboxylation (Achmatowicz et al. 1997) . As a result, a wide range of 3-cyanopiperidin-2,6-diones (2, Scheme 1) was obtained. The cascade, one-pot reactions are especially beneficial in the viewpoint of green chemistry, while it significantly reduces amount of waste produced during purification of intermediates. Such strategy simplifies the synthetic procedure, reduces time and energy necessary for the reaction comparing to multi-step procedures. Such one-pot processes are very convenient methodology for the synthesis of biologically relevant heterocycles, while it enables the synthesis of the complex scaffolds from simple molecules in a single process (Wagare et al. 2015; Baharfar et al., 2018; Das Sharma et al. 2008; Kidwai and Mothsra 2006) . According to our knowledge, such products have never been obtained in single step, so we have established the first example of one-pot procedure for the synthesis of 3-cyanopiperidin-2,6-dione derivatives.
Experimental section
Analytical HPLC, pump: Merck Hitachi L-6000A, column Kromasil C18 5 μm (250 × 4.6 mm), detector: Merck Hitachi UV detector L-7400, λ = 264 nm, eluent: isocratic mixture of water/methanol 6:4 v/v, flow: 0.8 ml/min. NMR spectra were measured with a Bruker DRX 500 "Avance" 1 3 spectrometer with DMS used as an internal standard. CHN analyses were performed on Vario EL Elemental. MS spectra were recorded on an API-365 (SCIEX) apparatus and MS-HR spectra on a Synapt G-2-S (Waters) apparatus. Melting point of products were determined by Boetius apparatus.
General experimental procedure.
Cyanoacetic acid (1.2 g, 14 mmol), appropriate aldehyde (6 mmol) and piperidine (50 μL, 0.5 mmol) were stirred in 2.5 ml of toluene at reflux for 20 h. Toluene was evaporated under reduced pressure, and the residue was dissolved in ethyl acetate and filtered through short pad of silica gel (c.a. 10 g on Buchner funnel), using hexane-ethyl acetate as eluent. The product was then recrystallized from hexane-ethyl acetate. 8, 39.0, 41.7, 115.6, 115.8, 116.0, 129.5, 135.4, 160.7, 162.6, 166.3, 171 .0; Anal calcd.: C 12 H 9 N 2 O 2 F: C, 62.06; H, 3.91; N, 12.07%; found: C, 62.11; H, 4.14; N, 12.07%. 8, 18.6, 27.2, 28.4, 37.0, 38.1, 40.6, 42.1, 116.4, 116.2, 166.1, 166.8 171.4, 171.5; Anal. calcd for: C 7 H 8 N 2 O 2 : C, 55.26; H, 5.30; 18.41%; found: C, 55.16; H, 5.47; N, 18.27%. 4, 10.9, 23.2, 25.3, 33.2, 25.3, 33.2, 33.7, 34.1, 35.1, 39.8, 40.7, 116.3, 115.9, 166.0, 166.8, 171.3, 171.6 ; Anal. Calcd: for: C 8 H 10 N 2 O 2 : C, 57.82; H, 6.07; N, 16.86%; found: C, 57.76; H, 6.03; N, 17.03%. 7, 21.9, 22.0, 26.8, 28.0, 29.7, 31.6, 32.2, 32.4, 34.5, 35.7, 41.1, 115.9, 116.4, 166.1, 166.8, 171.3, 171. 4, 22.3, 22.9, 23.8, 25.1, 31.0, 32.4, 35.2, 36.3, 40.5, 42.3, 42.9, 113.7, 114.8, 164.5, 165.0, 170.3, 170.5; Anal calcd.: C 10 3, 22.0, 24.6, 25.8, 28.5, 28.7, 28.8, 30.0, 31.2, 31.6, 32.4, 32.5, 41.1, 115.8, 116.3, 166.0, 166.73, 171.3, 171 .5; Anal calcd.: C 14 H 22 N 2 O 2 : C, 67.17; H, 8.86; N, 11.19%; found: C, 67.03; H, 8.93; N, 11.19% . -8-en-1-yl) 24.5, 25.8, 28.2, 28.4, 28.6, 28.7, 28.7, 28.8, 30.0, 31.6, 32.4, 32.5, , 33.1 34.5, 35.6, 41.0, 114.5, 115.8, 116.3, 138.8, 166.0, 166.7, 171.2, 171.5; Anal calcd.: C 16 9, 39.1, 42.03, 116.5, 127.8, 128.4, 129.4, 139.6, 166.9, 171.5 38.8, 42.1, 115.6, 116.2, 128.3, 129.3, 157.0, 166.6, 171.2; Anal calcd.: C 12 H 10 N 2 O 3 : C, 62.61; H, 4.38; N, 12.17%; found: C, 62.56; H, 4.44; N, 11 .98%. 9, 38.7, 41.9, 55.1, 114.3, 116.1, 128.4, 131.1, 158.8, 166.5, 171.1; Anal calcd.: C 13 H 12 N 2 O 3 : C, 63.93; H, 4.95; N, 11.47%; found: C, 63.98; H, 5.09; N, 11 .27%. -1-yl)-2,6-dioxopiperidine-3 7, 38.2, 41.1, 116.3, 123.0, 123.5, 125.6, 126.1, 126.6, 128.1, 128.8, 131.0, 133.5, 135.6, 166.7, 171.0; Anal calcd.: C 16 H 12 N 2 O 2 : C, 72.72; H, 4.58; N, 10.60%; found: C, 72.82; H, 4.39; N, 10 .62%.
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Results and discussion
For the model studies, p-fluorobenzaldehyde (pFBA) and isovaleraldehyde were used as the aldehyde components. The reaction was initially performed under conditions described by Knoevenagel with Dean-Stark apparatus to remove the formation of water. The reaction resulted in formation of compounds 1a and 1b (depending on the aldehyde used), what is consistent with literature data (Knoevenagel 1905) . Then, we performed the reaction with pFBA without water removal. We found that after 4 h, the compound 1b was the main product although further transformation of the compound 1b occurred when the reaction was continued (Fig. 2) . After 8 h only the small amount of 1b was observed in the reaction mixture, while 17% of 2 was formed. After 12 h, only trace of 1b was found and 40% of 2 was present in the reaction. After 20 h of the reaction, the corresponding 3-cyanopiperidin-2,6-dione 2 was isolated as the main product in 54% yield. Longer reaction time resulted in decomposition of the compound 2 and lead to a complex reaction mixture.
Those experiments allowed us to develop a new cascade process, which results in the formation of compound 2 in one step. The Michael addition of cyanoacetic acid to the α,β-unsaturated acid leads to the formation of intermediate 3 which subsequently undergoes the cyclization and decarboxylation reactions. The plausible mechanism of reactions cascade is presented in Table 1 . The influence of solvent was also studied, but the experiments in water gave products with yield up to 15%. Additionally, for the reaction with pFBA, the product was obtained as 10:1 diastereoisomeric mixture (determined by 1 HNMR). In Table 1 , we present the scope and substrate limitations of the process. Either aromatic or aliphatic aldehydes can be used, and in all cases the respective 3-cyanopiperidin-2,6-dione derivative has been obtained. Studying the scope of aldehydes, we noticed that in the case of aryl aldehydes, longer reaction time is required (Table 1, entries 7-11). On the other hand, faster reaction rates for aliphatic aldehydes result in significantly lower diastereoisomeric ratios of obtained products 4-9 (entries 1-6). Nevertheless, the reaction is still very convenient and simple method for the preparation of a wide range of this class of compounds.
Reactions conditions: Cyanoacetic acid (1.2 g, 14 mmol), aldehyde (6 mmol) and piperidine (50 μL, 0.5 mmol) were stirred in 2.5 ml of toluene at reflux for 20 h.
Conclusions
In conclusion, we developed the novel one-pot cascade process for the synthesis of 3-cyanopiperidin-2,6-diones from aldehydes and cyanoacetic acid with piperidine as a catalyst. Given the fact that the presented cascade includes four steps, the obtained yields of the reaction are very good. The process can be performed with various aryl and aliphatic aldehydes. For aromatic aldehydes, the products were obtained with very good yields and with high diastereoselectivity. Moreover, developed process exhibits high atom efficiency, since only by-products are water and carbon dioxide molecules as a result of reaction between threes substrate molecules. Overall, this methodology demonstrates the remarkable potential of acid-base catalysis for the synthesis of complex heterocyclic compounds. This method is attractive, especially from the point of view green chemistry, due to its simplicity, ease of workability, high yields and replacement of multi-step synthesis by one-pot cascade process. Fig. 2 The yield of the compounds 1b (grey bar) and 2 (black bar) during the reaction of cyanoacetic acid and p-FBA Table 1 The scope of aldehydes used in reaction, plausible mechanism or reactions cascade above table Reactions conditions: Cyanoacetic acid (1.2 g, 14 mmol), aldehyde (6 mmol) and piperidine (50 μL, 0.5 mmol) were stirred in 2.5 ml of toluene at reflux for 20 h a Isolated yields 
